Sulfated polysaccharides of brown algae ("fucoidans") constitute a wide variety of biopolymers from simple sulfated fucans up to complex heteropolysaccharides composed of several neutral monosaccharides, uronic acid and sulfate. The increased interest in this class of polysaccharides is explained by their high and versatile biological activities, and hence, by their possible use in new drug design. Structural analysis of several fucoidans demonstrates that their biological properties are determined not only by charge density, but also by fine chemical structure, although distinct correlations between structure and biological activity cannot be formulated at present. The aim of this review is to describe the methods of structural analysis currently used in fucoidan chemistry, and to discuss some new information on the structures of fucoidans presented in recent publications.
Brown algae (Phaeophyceae) contain sulfated polysaccharides known as fucoidans [1] . According to this name, most of them are composed essentially of sulfated L-fucose residues, but may be partially acetylated and may contain also galactose, mannose, xylose and uronic acids, sometimes in appreciable amounts. Such polysaccharides are absent from other algae or terrestrial plants, but similar polymers were found in marine invertebrates belonging to Echinodermata [2] . These animal polysaccharides usually contain only fucose and sulfate and have regular molecules built up of repeating oligosaccharide residues. In this review they will be named fucan sulfates, whereas the term "fucoidans" will be used for more complex and heterogeneous polysaccharides of algal origin independently of their real composition.
Algal fucoidans are present in natural sources in large amounts and are known as very interesting biologically active biopolymers. The most attractive property is their heparin-like anticoagulant and antithrombotic activity [3, 4] , but many others, such as antiviral, antiinflammatory, antitumor, antiangiogenic, and antiadhesive activities are promising for new drug design. There is an excellent review on the chemical structures and biological activities of fucoidans and fucan sulfates citing the papers that appeared up to 2002 [5] . At the same time, in spite of great efforts of investigators, the algal fucoidans remain as polysaccharides for which detailed structural analysis is extremely difficult. As a result, their structural diversity has not been fully characterized, and reliable correlations between their chemical structures and biological activities cannot be outlined. The aim of the present review is to discuss the specific chemical features of fucoidans that make their structural analysis so difficult, and to mention several important publications that have appeared in the last few years.
Besides a fucoidan, which is usually a complex mixture of molecules differing in charge and composition, aqueous extracts usually contain other compounds, such as laminaran, water-soluble alginate, some proteins and polyphenols. Fucoidan can be precipitated from the extract by treatment with hexadecyltrimethylammonium bromide (Cetavlon, cetrimide) [13, 14] . Sometimes, stepwise dissolution of the precipitate made it possible to obtain fractions of different chemical structure [14] , but usually the whole precipitate is transformed into a water-soluble sodium or calcium salt, and subsequent purification and fractionation of fucoidan is carried out by anionexchange chromatography. The most popular anionites are DEAE-Sephadex [19] , DEAE-Sephacel [13] and DEAE-Sepharose [10, 11, 18] , with salt solutions of increasing concentrations being used as eluants. The fractionation process may be controlled by thin-layer electrophoresis on agarose gel [15, 16] or cellulose acetate strips [11] . The more or less homogeneous by charge fractions are sometimes additionally purified by gel-permeation chromatography [16] and subjected to structural analysis.
Composition. Usually there are no special problems in composition analysis of fucoidans, which is similar to many other polysaccharides. Neutral monosaccharides in the acid hydrolyzates of fucoidans can be identified and quantitatively determined in the form of alditol acetates by GLC, using myo-inositol as an internal standard [20] (absence of myo-inositol from the biomass should be checked in a separate experiment). The absolute configuration of monosaccharides can also be determined by GLC of acetylated or trimethylsilylated glycosides obtained by reaction with optically active sec-butyl or sec-octyl alcohols [21, 22] , although an alternative procedure of reductive amination with optically active amines can be highly recommended [23] . Uronic acids can be identified by anion-exchange chromatography [24] or paper electrophoresis [15, 16] and quantitatively determined by color reactions with mhydroxydiphenyl [25] or 3,5-dimethylphenol [26] . Colorimetry is used also for determination of acetate [27] , whereas sulfate is determined by a turbidimetric procedure [28] .
Preliminary characterization. Two physicochemical methods can be used for preliminary characterization of isolated fucoidans. The IR spectrum gives information on the presence of sulfate (an intense broad absorption band at 1240-1260 cm -1 ). By analogy with sulfated galactans of red algae [29, 30] , absorption bands at 850 and 830 cm -1 are attributed to axial and equatorial secondary sulfates, respectively, and hence IR spectra makes it possible to distinguish between sulfate at O-4 and at O-2 or O-3 of the fucopyranose residue. NMR spectra of native fucoidans are too complex [31] and can give only very limited structural information. Nevertheless, some resonances can be unambiguously assigned [24, 32] , for example, carbon signals of CH 3 groups of fucopyranose (about 16 ppm), fucofuranose (about 18 ppm) and acetate (about 21 ppm), the CH 2 OH group of hexoses (about 62 ppm) and CO group of uronic acids and acetate (about 175 ppm). There is only one case when the 13 C NMR spectrum of a fucoidan fraction isolated from Fucus distichus looks like that of a regular polymer composed of alternating 3-linked fucose 2,4-disulfate and 4-linked fucose 2-sulfate residues [32] . In all the other known algal fucoidans chemical modifications leading to simplification of their structures were needed for interpretation of NMR spectra. The structures may be simplified, for example by elimination of branches and non-carbohydrate substituents.
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Natural Product Communications Vol. 3 (10) 2008 1641 Deacetylation and desulfation. Deacetylation without any other modifications can be carried out by treatment of a fucoidan with aqueous ammonia at slightly elevated temperature [19] . Complete desulfation is a much more difficult problem [33] . Conditions of acid methanolysis recommended for acid-resistant polysaccharides [34] are too drastic for fucoidans [24] . The most popular procedure is the socalled solvolytic desulfation [35] , when a polysaccharide in the form of pyridinium salt is heated in dimethyl sulfoxide either alone or in admixture with some water, methanol or pyridine [36] . Unfortunately, desulfation is often accompanied by considerable loss of the starting material, and hence, structural information on the degraded part of the polymer is also lost. Other chemical desulfation procedures, such as solvolysis in a microwave oven [37] or in the presence of acid and a reagent giving complexes with SO 3 [38] , treatment with chlorotrimethylsilane in pyridine [39] or partial hydrolysis with dilute acid [40, 41] , were suggested mainly for other polysaccharides, and their general applicability to the chemistry of algal fucoidans cannot be evaluated at present. At the same time it should be noted that polysaccharides from Adenocystis utricularis, resistant to solvolytic desulfation and even to acid methanolysis, were desulfated by heating with chlorotrimethylsilane in pyridine [14] .
In this respect, enzymatic desulfation seems to be very attractive, but unfortunately sulfatases acting on fucoidans are practically unavailable. Marine bacteria and marine invertebrates are regarded as possible sources of fucoidan-degrading enzymes, including sulfatases. Using a special procedure of control based on determination of released sulfate anion by capillary electrophoresis [42] , it was found that the digestive glands of the marine mollusk Pecten maximus contain a sulfatase acting on the fucoidan from Ascophyllum nodosum, which regioselectively hydrolyzes sulfate at position 2 of the fucopyranose residues [43] . Action of this enzyme on other fucoidans was not investigated. Other mollusks belonging both to Bivalvia and Gastropoda, as well as many other marine invertebrates, may contain powerful arylsulfatase activities [44] , but these enzymes usually cannot desulfate fucoidans. Marine bacteria are known mostly as the source of fucoidanases, and these enzymes will be discussed below.
Methylation analysis.
This method is used for linkage analysis of desulfated polysaccharides, whereas comparison of methylation products of native and desulfated polymers gives evidence on the position of sulfate groups. To obtain methylated polysaccharides, a very simple procedure of Ciucanu and Kerek [45] is preferred, where a polysaccharide is treated with powdered sodium hydroxide and methyl iodide in dimethyl sulfoxide solution. This procedure transforms both free and acetylated hydroxyls into methyl ethers, whereas sulfate groups are regarded as stable (unfortunately, no special control of sulfate stability is usually carried out, although some examples of unpredictable mobility of sulfate under the methylation conditions may be found in the literature [46] ). It should be noted that often it is difficult to achieve complete methylation of heavily sulfated polysaccharides, and hence, methylation analysis of native fucoidans may give only approximate quantitative results. Standard chromatomass-spectrometric procedures are used to identify the methylation products [47] .
Periodate oxidation. Most fucoidans are practically resistant to periodate due to (1→3)-linkages between fucose residues and the high degree of substitution of hydroxyls. Nevertheless, Smith degradation was effectively used to eliminate branches from desulfated molecules [24, 48] . It is interesting to mention that linear (1→3)-linked chains of α-Lfucopyranose residues, obtained by desulfation followed by Smith degradation of a fucoidan from Analipus japonicus [48] , were sparingly soluble in water, even at rather low molecular mass, probably due to intermolecular association. Partial depolymerization. Aqueous acids can split both sulfate and glycosidic bonds, and hence, partial acid hydrolysis of fucoidans leads to sulfated fucoses and oligosaccharides, but with low yields. Methods were elaborated to resolve mixtures of monosulfated fucoses by capillary electrophoresis and to identify them by mass spectrometry [49] . Similarly, centrifugal partition chromatography was suggested for purification of sulfated oligofucans [50] , and electrospray ionization mass spectrometry was used for their characterization [51] , but no conditions were found to improve the yields of oligosaccharide fragments having structural significance. Partial acid hydrolysis of the fucoidan from Ascophyllum nodosum was used to obtain low-molecular fractions for mass spectrometry, NMR spectroscopy and biological tests [51] [52] [53] , but no individual oligosaccharides were isolated from the hydrolyzate. Recently, it was found that action of dilute acid on regular fucan sulfates from two sea urchin species,
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Lytechinus variegatus and Strongylocentrotus pallidus, proceeds in two stages. Initially, 2-sulfate is removed from the 2-sulfated fucosyl units linked to or preceded by a 4-sulfated residue. Then the glycosidic bonds of desulfated units are cleaved yielding oligosaccharides with well-defined molecular size [40, 41] . The applicability of this approach to specific desulfation, followed by fragmentation of algal fucoidans should be tested in future.
Radical degradation by treatment with hydrogen peroxide in the presence of copper(II) ions was used for partial depolymerization of fucoidans from Ascophyllum nodosum [54] and Lessonia vadosa [55] . In comparison with partial acid hydrolysis, the procedure makes it possible to obtain fractions of moderate molecular weight with narrow molecular weight distribution in very good yield and practically without desulfation or changes in composition. The reaction products were used in the study of biological activity of depolymerized fucoidan [55] , but no individual oligosaccharides were isolated for structural analysis of the starting polysaccharide.
Enzymatic hydrolysis of fucoidans is the most promising approach leading to oligosaccharides. Marine invertebrates and marine bacteria are regarded as possible sources of the corresponding enzymes [56] . For example, a fucoidan-degrading activity was found in the digestive glands of the marine mollusk Pecten maximus [57] . The purified enzyme was shown to be an exo-α-L-fucosidase capable of splitting terminal α-L-fucopyranose residues present as branches in a high-molecular substrate, namely, in a fucoidan from Ascophyllum nodosum. Using this enzyme, it was possible to reduce the molecular size of the fucoidan and to analyze the enzymatically degraded polysaccharide by NMR spectroscopy [58] . Screening of many marine invertebrates resulted in detection of fucoidanase activity in the mollusk Littorina kurila [44] . A partially purified enzyme preparation was able to hydrolyze polysaccharides from Laminaria cichorioides and Fucus evanescens [59] , giving rise to several oligosaccharides and fucose. When a highly regular fucoidan fraction from Fucus distichus was used as substrate, neither fucose nor lowmolecular oligosaccharides were found in the reaction products. Besides a fraction looking like unmodified starting material, another small polymeric fraction containing deviations from the regular structure (undersulfation, acetylation) was obtained as the result of enzymatic hydrolysis [60] .
Bacterial enzymes seem to be more useful in the structural analysis of fucoidans. Many marine bacteria have fucoidanase activities [56] , as, for example, Pseudoalteromonas citrea [61] . Usually application of a bacterial enzyme for partial cleavage of a given fucoidan should start with the search of an appropriate bacterial strain, followed by cultivation of the bacterium using the selected fucoidan as a substrate. Then the enzyme can be isolated from either the bacterial cells or culture liquors. Thus, a bacterium belonging to the family Flavobacteriaceae, which secretes an endo-fucoidanhydrolase, was found in the muds of water-treatment facility of an alginate extraction plant. The extracellular enzyme preparation was used to degrade the fucoidan from the brown alga Pelvetia canaliculata [62] . Tetra-and hexasaccharides were obtained made of the repeating disaccharide units →3)-α-L-Fucp-2-S-(1→4)-α-L-Fucp-2,3-di-S-(1→. The enzyme was then purified to electrophoretic homogeneity, the corresponding gene was cloned and sequenced, and the protein was produced in Escherichia coli. It was stated that the fucanase cleaves only the 1→4-linkages within the repeating polysaccharide structure [63] . Two other fucoidan-utilizing marine bacteria were effectively used in the structural analysis of fucoidans. A bacterium, Fucophilus fucoidanolyticus, was isolated from the gut contents of the sea cucumber Stichopus japonicus and cultivated in a medium containing fucoidan extracted from Cladosiphon okamuranus [64] . Then the fucoidan was digested with the intracellular bacterial enzymes to give a series of oligosaccharides, represented by one general structural formula {→3)-α-L-Fucp- [65] . An enzyme with a different mode of action, a fucoglucuronomannan lyase, was found in a strain of Fucobacter marina [66] . When a fucoidan from the brown alga Kjellmaniella crassifolia was treated with extracellular enzymes of this bacterium, three kinds of trisaccharides were detected. Their structures were determined as Δ 
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A. Backbone of 3-linked α-L-fucopyranose residues.
A fucoidan of rather simple composition was isolated from the brown seaweed Chorda filum [19] . It was possible to assign completely the 1 H NMR spectrum of its desulfated and deacetylated derivative. The anomeric region of the spectrum contained five signals (one signal of double intensity) corresponding to a hexasaccharide repeating unit, which contains five 3-linked α-L-fucopyranose residues in a linear chain and one α-L-fucopyranose residue, as a branch at position 2. Of course, some deviations from the strict regularity, which cannot be registered by the NMR spectrum, may present in the polymeric molecules. Sulfate groups in the native polysaccharide occupy positions 4 (mainly) and 2, whereas some 3-linked α-L-fucopyranose residues are acetylated at O-2. Similar fucoidans, whose structures were characterized more tentatively, were found in Laminaria saccharina [24] and Lessonia vadosa [55, 68] . A fucoidan from Analipus japonicus [48] contains the same (1→3)-linked backbone, but is much more branched (it has, on average, three branches in the form of single α-L-fucopyranose residues at position 4 and one branch at position 2 per every ten residues of the main chain). Sulfate groups occupy positions 2 (mainly) and 4 (most of terminal nonreducing fucose residues being sulfated twice), whereas acetyl groups are located predominantly at position 4. An acetylated fucoidan containing the same 3-linked backbone, with single α-D-glucopyranosyluronic acid residues as branches at position 2 of the main chain, was isolated from Cladosiphon okamuranus [69, 70] . Based on chemical data, an average repeating single-branched heptasaccharide was suggested as the main structural element of the polysaccharide molecule [69] , although a repeating pentasaccharide seems to be more probable according to the enzymolysis study [65] (see above).
B. Backbone of alternating 3-and 4-linked α-Lfucopyranose residues.
The alga Ascophyllum nodosum is known as the source of several sulfated polysaccharides [1, 71] . The most sulfated fraction was analyzed by partial acid hydrolysis and NMR spectroscopy, and its predominant repeating structure was established as [→3)-α-L-Fucp-2-S-(1→4)-α-L-Fucp-2,3-di-S-(1→] n [72] . The same structural element was recognized by the authors also in the fucoidan from Fucus vesiculosus, in contrast to the previous structural evidence [73] . A very similar structure was established for the fucoidan from Pelvetia canaliculata by enzymolysis studies [62] (see above). A fucoidan having a similar backbone, but different sulfation pattern was isolated from Fucus evanescens [13] . Its structure was established by analysis of 1D and 2D 1 H and 13 C NMR spectra of its desulfated and deacetylated derivatives, which were completely assigned. In addition, the spectral data were confirmed by methylation analysis. The main structural element of the polysaccharide molecule was shown to be [→3)-α-L-Fucp-2-S-(1→4)-α-L-Fucp-2-S-(1→] n , with some additional sulfate at position 4 of 3-linked residues, whereas some of the remaining hydroxyls are randomly acetylated. A more regular fraction of fucoidan with the same backbone was found in Fucus distichus [32] . In this case the 13 C NMR spectrum of the native polysaccharide looks like the spectrum of a regular polymer composed of the disaccharide unit [→3)-α-L-Fucp-2,4-di-S-(1→4)-α-L-Fucp-2-S-(1→] n .
According to chemical evidence, the repeating structure of the polysaccharide may be only slightly masked by a low degree of random acetylation and by undersulfation of several repeating units. A fucoidan from Fucus serratus [74] Bilan & Usov evidence for the alternation of these two linkages is given by the authors [10] .
C. Sulfated galactofucans. Many fucoidans contain, besides fucose, small amounts of other monosaccharides, but the structural significance of these minor components, as a rule, remains unknown. At the same time, there are polysaccharides containing fucose and galactose in comparable amounts, examples being fucoidans extracted from sporophylls of Alaria fistulosa [75] and Undaria pinnatifida [11, 76] , as well as from Laminaria japonica [77] , L. cichorioides [12] , L. gurjanovae [78] and Sargassum patens [79] . Fucoidan fractions rich in galactose and sulfate were obtained also from the very complex mixtures of polysaccharides extracted from Sargassum stenophyllum [80] and Adenocystis utricularis [14] . Careful fractionation of a crude sulfated polysaccharide from Laminaria angustata var. longissima resulted in isolation of a small amount of sulfated galactan containing only traces of fucose and glucuronic acid [81] . Structural analysis showed that the polysaccharide has a linear backbone of →3)-β-D-Galp-(1→6)-β-D-Galp-(1→; most sulfate groups are attached to position 6 of 3linked galactosyl residues, while other sulfate groups may occupy position 3 of 6-linked residues, whereas some galactosyl branches are joined to positions 4 of both residues. This indicates that brown algae may contain separate sulfated galactans differing from the well known sulfated galactans of the red seaweeds and ascidians.
Most preparations rich in galactose were regarded as galactofucans, usually without special proof. Direct evidence for the interconnection between galactose and fucose was obtained in an earlier work on the structure of a galactofucan sulfate from Ecklonia kurome by isolation of several oligosaccharides consisting of both sugars [82] . The presence of similar oligosaccharides in the degradation products of a fucoidan from Laminaria gurjanovae was confirmed recently by MALDI-TOF mass spectrometry [78] . The structures of galactofucans were investigated mostly by methylation analysis and only partially elucidated. Thus, a 2,3-disulfated 4linked α-L-fucose unit was identified as the main structural fragment of the fucoidan from Laminaria cichorioides [12] . A wide variety of methylated galactoses was found after methylation of the polysaccharide, but no information on their real position was obtained. The galactofucan sulfates extracted from Undaria pinnatifida were studied by several groups of authors [11, 76] . Their results do not coincide completely, but it is clear that both fucopyranosyl and galactopyranosyl units in the main polysaccharide fraction have very complex linkage/substitution patterns. The abundance of 3linked units indicates that both sugars are included in (1→3)-linked chains. In the very careful investigation of a galactofucan from Adenocystis utricularis [14] , it was shown that the fucan constituent is mainly composed of a 3-linked α-L-fucopyranosyl backbone, mostly sulfated at C-4, and branched at C-2. Nonsulfated fucofuranosyl and partially 2-sulfated fucopyranosyl units are present as branches. It is interesting to note that terminal fucofuranosyl units were detected previously in some other fucoidans [32, 73, 82] . The galactan moiety is more heterogeneous, with predominant D-galactopyranose units linked on C-3 and C-6, and sulfation mostly on C-4, even in terminal non-reducing units. It was inferred from the 13 C NMR spectrum that at least some of these galactose units have the αconfiguration.
Heterofucans of more complex composition.
Several polysaccharide fractions composed of fucose, xylose, uronic acid, galactose and sulfate in different proportions were isolated from the brown seaweed Dictyota menstrualis [83] . High anticoagulant activity was indicated for two of them, but no structural information was presented. For similar polysaccharide isolated from Padina gymnospora and studied by the same group of authors [15] a structure was suggested with a central core consisting mainly of 3-and 4-linked β-D-glucuronic acid residues substituted at C-2 with α-L-fucose and β-D-xylose. Sulfate groups were only detected at C-3 of 4-linked α-L-fucose units, and this mode of sulfation was shown to be responsible for the anticoagulant activity of the polymer. Two complex sulfated polysaccharides were isolated from the alga Spatoglossum schroederi. One of them, containing fucose, xylose, glucuronic acid and sulfate, was studied using methylation analysis, degradation with glycosidases and sulfatases prepared from the mollusk Tagelus gibbus, partial acid hydrolysis and NMR spectroscopy [84] . The polymer was shown to have a core of 3-linked β-D-glucuronic acid residues carrying branches at C-4 as chains of 3-linked α-Lfucose. The fucose is mostly substituted at C-4 with sulfate and at C-2 with chains of 4-linked β-D-xylose residues, which in turn are also partially sulfated. The second polysaccharide was practically devoid of glucuronic acid and consisted of fucose, xylose, galactose and sulfate in a molar ratio of 1:0.5:2:2. It
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Natural Product Communications Vol. 3 (10) 2008 1645 contains a central core formed mainly by 4-linked βgalactose units, partially sulfated at O-3. About 25% of these units contain at O-2 branches of oligosaccharides (mostly tetrasaccharides) composed of 3-sulfated, 4-linked α-fucose and terminated by nonsulfated β-xylose or by 4-linked β-xylobiose residues [16] .
A very complex fucoidan containing a fucose-free core was isolated from the brown seaweed Hizikia fusiforme (the correct name is Sargassum fusiforme) [85] . Its backbone was composed of alternating units of 2-linked α-D-mannopyranose and 4-linked β-Dglucuronic acid with a minor portion of 4-linked β-Dgalactose. Two-thirds of the mannose had a branch at C-3, galactose was mainly 6-linked, and both 4-and 6-linked galactoses had branches at C-2. About twothirds of the α-L-fucose units were at the nonreducing end, and the others were 4-, 3-and 2-linked. About two-thirds of the α-D-xylose units were at the nonreducing end, and the others were 4-linked. Sulfate groups were at C-6 of 2,3-linked Man, at C-4 and C-6 of 2-linked Man, at C-3 of 6-linked Gal, at any position of fucose (some fucose had two sulfates), whereas no sulfate groups were found in either GlcA or Xyl. A polysaccharide with a similar glucuronomannan core was found earlier in Kjellmaniella crassifolia. Its structure was investigated mainly by enzymolysis studies [67] (see above).
Conclusion
The high and variable biological activity of fucoidans means that the polysaccharides can interact with different proteins. This process should depend on the degree of sulfation, monosaccharide composition, fine structure and conformation of polysaccharides [86, 87] . It was stated that appropriate spatial arrangement of sulfate groups is necessary for high anticoagulant activity of sulfated fucans [31, 88] , whereas desulfation and oversulfation may dramatically modify the activity of fucoidans [89] . At the same time, the presence of L-fucose as the main constituent seems to be more important for specificity of polysaccharide-protein interactions. In mammals, the fucose-containing glycans are known as blood group antigens, inhibitors of leucocyte-endothelial adhesion mediated by selectins, inhibitors of hostmicrobe interactions and participants in many pathological processes, including cancer and atherosclerosis [90] . The complex fucoidan molecules evidently contain some fragments built up of fucose residues, which effectively mimic the corresponding structures of biologically active mammalian glycans. It should be emphasized that fucoidans of different origin, even those that are very close in overall composition, may differ considerably in their activity in several biological tests due to difference in fine structures [91] . It is clear that different species of brown algae contain different fucoidans, although no direct correlation between taxonomic position of the alga and structure of its fucoidan was obtained. Even different parts of thalli may have different polysaccharide composition [75, 92] , which may depend on ecological factors as well [59, 93, 94] . Unfortunately, the present level of structural investigation can give only average information on the fucoidan structures. Further knowledge on the structural diversity of algal fucoidans and development of new effective methods of specific fragmentation of their molecules to obtain oligosaccharides of definite structure are necessary to find real correlations between structural features and biological properties of these complex polysaccharides.
